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Objectives: (1) to investigate the testeretest reliability of 3D gait analysis (3DGA) in hip Osteoarthritis
(OA) patients; (2) to ﬁnd the minimum number of gait trials needed to overcome intrinsic variability; (3)
to check the accuracy of angles measured by the 3D system.
Design: 23 Patients suffering from hip OA with no other major disease were recruited. We evaluated the
reliability of spatio-temporal variables and body angles (lower-limb joints, trunk and pelvis angles)
during two sessions of 3DGA using intra-class correlation coefﬁcients (ICC). The minimum number of
trials needed to overcome intrinsic variability was evaluated using an exponential ﬁt model and the
Bland and Altman coefﬁcient of repeatability (CoR). The accuracy of measurement was evaluated using
a manual goniometer and the recording of 18 different angles.
Results: Spatio-temporal variables and most of the kinematic joint and trunk angles calculated demon-
strated good to excellent reliability (ICC from 0.77 to 0.97). This was not the case for pelvic angles. The
ﬁtting model combined with the CoR showed that 5e10 trials are sufﬁcient to obtain good reliability
[ICC> 0.7; CoR< 2 standard deviation (SD)] for most of the spatio-temporal variables. All body angles
showed good reliability (ICC> 0.7) and low CoR (<2 SD) after ﬁve trials except for the pelvic angles. The
reliability of marker positioning was found to be good (ICC> 0.7) to excellent (ICC> 0.9). Differences
between angles measured using 3DGA and angles measured with a manual goniometer were found to be
less than one percent.
Conclusion: The present study shows that most of variables obtained using 3DGA in hip OA patients are
reliable. Moreover, for most variables, 5e10 trials are needed to obtain good reliability and to overcome
intrinsic variability, rather than 30 or more, thus improving the feasibility of measurement.
 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Osteoarthritis (OA) is a common, degenerative articular disease,
characterized by progressive destruction of cartilage, which can
affect several joints, especially weight-bearing joints such as the
hip. Functional disability induced by hip OA has a signiﬁcant impact
on the patients’ health-related quality of life1. Although different
disease-speciﬁc functional instruments are widely used to assess
hip OA functional disability2,3, the patients’ responses remain
subjective, and disparities between the patients’ and doctors’
evaluations can be signiﬁcant4. Therefore, it would be of interest too: Davy Laroche, Plateforme
n Clinique Plurithématique
ptation, Centre Hospitalier
edex, France.
che).
s Research Society International. Pcombine such self-assessment questionnaires with an instrument
that objectively quantiﬁes functional impairment in hip OA.
In this context, computerized three-dimensional (3D) gait anal-
ysis appears to be a promising clinical approach to identify objective
kinematics variables and quantify functional disability in patients
with chronic joint diseases5e8. In hip OA, a reduction in gait speed,
stride length, maximal ﬂexion and extension of the hip during
walking have been reported using various 3D gait analysis
systems8e10. Moreover, changes in gait variables may occur in many
patients before the appearance of clinically measurable functional
disability11.
However, before proposing gait analysis as a potential outcome
measure in OA, it is necessary to evaluate its psychometric prop-
erties. To our knowledge, although the reliability of gait analysis has
been assessed in normal subjects12e15, and although numerous
studies investigated gait changes in hip OA patients, the reliabilityublished by Elsevier Ltd. All rights reserved.
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systematic analysis of the literature concluded that currently
available data are insufﬁcient, and that further studies evaluating
a large number of patients are needed16.
Variability in 3D gait analysis is mainly due to intrinsic and
extrinsic variations. Extrinsic variations correspond to measurement
error, and can be due to different causes, in particular the positioning
of the reﬂective markers17. Intrinsic variations reﬂect intra-indi-
vidual variations that arise naturally, either through trial-to-trial or
subject-to-subject variability18. Usually, these variations can be
overcome by collection data from many walking trials during the
same session. In healthy subjects, it has been demonstrated that ﬁve
trials are sufﬁcient13,14. However, to our knowledge, such informa-
tion is not available in hip OA patients.
Finally, the accuracy of angle measurement has, to our knowl-
edge, never been evaluated, at least for the 3D computerized
movement analysis SMART system used in this study.
Therefore, the aims of this study were:
1 to investigate the testeretest reliability of 3D gait analysis in
hip OA patients;
2 to ﬁnd the minimum number of gait trials needed to overcome
intrinsic variability;
3 to ensure that the 3D optoelectronic system measured angles
accurately.Methods
Patients
Patients aged 45e75, with unilateral symptomatic hip OA,
deﬁned using the American College of Rheumatology criteria19
were included. Other inclusion criteria were index hip pain on
a daily basis for at least 1 month during the previous 3 months, and
Kellgren and Lawrence stage of II, III, or IV on the X-ray. Exclusion
criteria were secondary hip OA, inﬂammatory hip OA, signiﬁcant
painful ankle, knee or foot disorders, chronic back pain, Alzheimer’s
disease, Parkinson’s disease, motoneuronal disorders, non-stabi-
lized diabetes mellitus, cardiac or respiratory insufﬁciency and
inability to understand the procedure. An additional exclusion
criterion was expected changes in hip OA treatment during the
2-week interval between the two gait assessments.
The study protocol was approved by the local ethics committee
(CPP Est I, Dijon, France). The study was conducted in compliance
with the principles of Good Clinical Practice and the Declaration of
Helsinki and all patients signed an informed consent form.
Data procedure
Two gait analyses separated by a 2-week interval were carried
out at the same time of the day by a single experienced investigator
(DL), blinded to previous measurements. Body kinematics was
recorded during barefootwalking along a 4-m-long straight pathway
indicated by a path drawn on the ﬂoor. The patients had the
instruction (given orally by the examiner at the beginning of each
session) towalk at themost comfortable speed (“as if youwere in the
street”). The patients made 10 trials, and were then asked if they had
experienced any difﬁculties during the test. If they felt ﬁne, 20
additional trials were performed. The patients wore special clothing
(tight-ﬁtting shorts and tee-shirt) during the test, and were allowed
to pause between trials if needed. They started walking 2 m before
entering the acquisition volume in order to eliminate the initiation
steps. The examiner attached reﬂective targets (24 mmdia) to the
skin overlying the body landmarks (described in Table II). The spatialcoordinates of each marker were recorded, the body being repre-
sented as an interconnected chain of rigid segments, using the 3D
computerized movement analysis SMART system (e-Motion, Italy)
at a rate of 120 Hz, using six video-based cameras with infrared
strobes located around a 5 m 2 m 2 m acquisition volume. Each
trial was separated into gait cycles using the elevation angle of the
limb axis [the line joining the lateral malleolus and the greater
trochanter (GT)] as described20. Each limb was analyzed indepen-
dently. The stance and swing phases were computed using the
elevation angle of the limb axis as described21 and expressed as
a percentage of the gait cycle. In fact, the maximum elevation of the
limb axis slightly precedes the heel touch-down20,22. We found that
the minimum elevation of the limb axis overestimates the end of
stance computed using vertical velocity of the foot marker by
60 9 ms. Moreover, the two precedent criteria were highly corre-
lated (r¼ 0.982, P< 0.05), thus conﬁrming that the two parameters
are comparable. Kinematics was processed with Matlab-custom
software. Kinematics data were ﬁrst interpolatedwith a fourth order
polynomial, then ﬁltered with a low-pass zero-phase shift Butter-
worth ﬁlter with a 10 Hz cut-off frequency. Frontal, sagittal and
transverse body planeswere deﬁned using body kinematic reference
frames, which were computed using Euler rotation matrices, as
described previously6,23.Data collection
The data procedure allowed us to obtain the following kinematic
variables, both for the hip OA and the non-hip OA sides of the body:
- temporo-spatial variables, i.e., stride length, walking frequency,
velocity, duration of stance and double-stance phases
(expressed as percentages of the total gait cycle duration). Stride
length, walking frequency and velocitywere estimated using the
body mid-point (average of the coordinates of the left and right
GT and Iliac Spine (IS)), which was an estimation of the centre of
mass (CoM)6
- mean distances between the reﬂective targets. The following
so-called segments were evaluated: the foot (calcaneus to
second metatarso-phalangeal joint, the shank (lateral malleo-
lus to lateral knee), the thigh (lateral knee to GT), the hip (GT to
antero-superior IS), the trunk (CoM-Mid-Shoulder) and the
inter-scapular distance (between the right and left acromions).
The pelvic area, deﬁned as the area of the polygon comprising
the four pelvic markers (antero-superior and postero-superior
IS) was also calculated
- spatial angles, i.e., angles of each segment of the lower-limbs
(right and left feet, shanks and thighs, both in the frontal and
sagittal planes). These angles are the angles between the
segments and the vertical line which passes through the
proximal marker
- joints angles, i.e., angles between lower-limb segments (right
and left ankles, knees, and hips). The joint angles were
measured at two key points of the gait cycle: heel strike and
end of stance. The angles measured are described in Table III.
- the range of motion (ROM) of each joint was calculated as the
difference between the maximal and the minimal measured
angles during the gait cycle
- motion of the trunk in the three planes: trunk rotation
(rotation of the shoulders on the vertical axis), tilt (rotation of
the trunk on the medio-lateral axis) and obliquity (rotation of
the trunk on the postero-anterior axis)
- motion of the pelvis in the three planes; pelvic tilt (rotation on
the medio-lateral axis); obliquity (rotation on the postero-
anterio axis) and rotation (rotation on the vertical axis).
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(thigh-shank and shank-foot) computed by means of Principal
component analysis6,20. This value quantiﬁes the phase relation-
ship between adjacent segments. An index indicating the time
relationship between the segments of the lower-limbwas obtained.
This index reﬂects gait efﬁciency (For more details see24,25).Statistical analysis
Testeretest reliability
The reliability of the 3D gait analysis in hip OA patients was
assessed using the means of the data obtained during the 30 trials of
the ﬁrst and of the second gait analysis sessions, with the two-way
intra-class coefﬁcients of correlation (ICC) with their 95% conﬁdence
intervals (CI). An ICC greater than 0.7 was considered good and an
ICC over 0.9 excellent26e28. The following variables were evaluated:
- the reliability of reﬂective target positioning, estimated
with the reliability of the measurements of the distances
between the targets,
- the reliability of each of the gait analysis variables.Table I
Baseline characteristics of hip OA patients. Results are expressed as mean SD
unless otherwise indicated and (range)
Variables Mean SD (range)
Sex 20 females/3 males
Age (years) 64 7.7 (43e74)
Body mass index 26.06 4.5 (19.7e34.8)
Kellgren/Lawrence grade, no.
II 13 (57%)
III 10 (43%)
Lequesne index (/24) 8.39 3 (3e14)
Womac function (/100) 44.18 19.3 (2.94e79.41)
Womac pain (/100) 37.61 15.44 (5e65)
VAS Pain (/10) 5.09 15 (2e10)
Walking velocity (m/s) 1.09 0.14 (0.76e1.38)
Walking frequency (Hz) 1.01 0.20 (0.62e1.52)
Stride length (m) 0.91 0.07 (0.76e1.18)
Stance duration (% gait cycle) 66.18 1.75 (61.11e73.41)
Double-stance duration (% gait cycle) 16.14 2.54 (10.12e33.22)Minimum number of gait trials needed to overcome intrinsic
variability
In order to ﬁnd the minimum numbers of trials needed to
overcome intrinsic variability, we applied two constrained condi-
tions to the evaluated variables. In theﬁrst stepwe tried toﬁnd,with
an exponential ﬁt model, the minimal number of trials needed to
obtain good reliability (ICC> 0.7). In the second step, we checked
the variance of the data obtained. For each evaluated variable, the
minimal numberof trialswas deﬁned as thenumber of trials needed
to obtain a Bland & Altman coefﬁcient of repeatability (CoR) less
than 1.96*standard deviations (SDs) from the values obtained28. By
combining the two methods it was possible to determine the
minimum number of trials for that variable.
For each of the gait variables, ICCs and CoR were obtained using
the means of the ﬁrst 29 trials of the two gait analysis sessions. The
analyses were repeated using only the ﬁrst trials 28, then the ﬁrst
27 trials, . then the ﬁrst two trials. It was calculated by ﬁtting
a model (easyﬁt toolbox for MATLAB). The exponential model was
used as follows:
ICC ¼ v eqn þ v0
where n is the number of trials. We used the easyﬁt toolbox for
MATLAB (http://www.fast.u-psud.fr/ezyﬁt/) to compute coefﬁ-
cients v; q and v0. We applied this ﬁt model only to variables for
which the ICC2 was below 0.7 and the ICC30 was above 0.7.
Accuracy of angle measurement
The accuracy of angle measurement was checked to ensure that
the systemmeasures true angles. For this purpose, twomarkerswere
placed at the distal points and one at the mid-point of a 60 cm long
goniometer. Then, 18 different angles (10e180 with 10-intervals)
weremeasured during 30-sec sessions. For each angle, themean and
SD of the 3600 measures (120 Hz, 30 sec) were obtained. The accu-
racy of the measured angles was deﬁned as the relative difference
between the real angle and the measured angles. A Spearman test
was used to evaluate whether the accuracy was related to the size of
the angle measured.
Statistical signiﬁcance. Statistical signiﬁcance was deﬁned as
P< 0.05. The data were analyzed on a personal computer using
version 15 of SPSS for WINDOWS software.Results
Patients’ characteristics
23 patients (three males and 20 females), mean disease
duration¼ 4.3 3 years (range¼ 1e9 years), were included in the
study. The patients’ characteristics and the spatio-temporal variables
obtained during the ﬁrst session are shown in Table I. A mean of
1.68 0.77 (left lower-limb) and 1.67 0.67 gait cycles per trial (right
lower-limb) were recorded during the ﬁrst gait analysis. A mean of
1.67 0.83 (left lower-limb) and 1.72 0.74 gait cycles per trial (right
lower-limb) were recorded during the second gait analysis.Reliability of marker positioning
The results are detailed in Table II. The reliability was good
(ICC> 0.7) to excellent (ICC> 0.9) for all measured segments,
except for the thigh segment. No difference was observed
between the affected limb and the contralateral limb (data not
shown).Reliability of gait analysis (Table III)
All temporo-spatial variables achieved an ICC> 0.7. Thus, the
reliability of the assessment of inter-segmental coordination of
lower-limb segment couples (thigh-shank and shank-foot) was
good (ICC> 0.7) to excellent (ICC> 0.9). The reliability of most
of the lower-limb segment angles and of the trunk angles was
good (ICC> 0.7) to excellent (ICC> 0.9), except for the knee
frontal angle at heel strike (ICC¼ 0.69) (Table III). On the
contrary, the assessment of most pelvic angles did not
demonstrate acceptable reliability, except for pelvic obliquity at
heel strike (Table III).Assessment of the minimum number of trials needed to obtain good
reliability using an exponential ﬁt model
Spatio-temporal variables and inter-segmental coordination: ICC
generally improved as the number of gait trials increased, reaching
good values (ICC> 0.7) after only two trials formost of the evaluated
variables (data not shown), except for stance and double-stance for
which seven and 14 trials were required, respectively. The CoR
improvedas thenumberof gait trials increased, but a highernumber
of trials was required to reach good values: 10 trials were needed to
Table II
Anatomical segments deﬁnition with position of anatomical landmarks. Mean differences of the length of segments between sessions and ICC with 95% CI
Segments Segment markers (anatomical landmarks) Difference between Day 1
and Day 2 (mean mm SD)
ICC* (95% CI)
Left foot Left calcaneus (LCal) Left second metatarsal (LMTP) 2.2 5.8 0.906 (0.778 e 0.960)
Left shank Left lateral malleolus (LMal) Left lateral knee joint line (LKnee) 2.5 15.6 0.764 (0.443e0.9)
Left thigh Left lateral knee joint line (LKnee) Left GT (LGT) 12.5 25.6 0.361 (501e0.729)
Right foot Right calcaneus (LCal) Right second metatarsal (LMTP) 1.1 5.5 0.917 (0.805e0.965)
Right shank Right lateral malleolus (LMal) Right lateral knee joint line (LKnee) 4.7 13.8 0.824 (0.585e0.925)
Right thigh Right lateral knee joint line (LKnee) Right GT (LGT) 11.9 31.4 0.512 (0.151e0.793)
Pelvis Left anterior superior IS (ASIS) Right anterior superior IS (ASIS) 1.2 19.7
Area
0.3 4
0.763 (0.442e0.900)
Area
0.943 (0.865e0.976)
Trunk CoM (see Methods) Mid-shoulders (mean of LAcr and RAcr) 2.0 23.8 0.721 (0.342e0.882)
Shoulder Left acromion (LAcr) Right acromion (RAcr) 5.7 19.1 0.880 (0.717e0.949)
* Parameters with good repeatability (ICC> 0.7) are in bold.
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stance (no good CoR value after 30 trials) (data not shown).
Inter-segmental angles: 22 of 28 lower-limbs angles and all the
trunk angles demonstrated good ICC values (ICC> 0.7) after only two
trials (data not shown). As stated above, the results for the six otherTable III
Reliability of the angular displacement for pelvic and scapular belts and for lower-limbs j
95% CI. ICC> 0.7 are in bold
Joints and plane of movement Difference (mean SD)
OA side Healthy side
Ankle sagittal
Heel strike 0.96 11.53 2.83 13.6
Toe off 0.55 6.8 2.47 9.03
Ankle frontal
Heel strike 1.19 8.94 2.64 8.55
Toe off 1.01 10.16 6.69 12.8
Knee sagittal
Heel strike 4.49 9.52 3.3 12.54
Toe off 5.21 22.26 5.04 18.11
Knee frontal
Heel strike 0.74 4.63 2.38 3.31
Toe off 0.88 4.49 2.6 4.33
Hip sagittal
Heel strike 3.32 21.62 2.19 20.69
Toe off 3.02 14.64 3.01 18.17
Hip frontal
Heel strike 0.26 17.45 0.11 15.78
Toe off 0.65 15.53 0.62 14.27
Pelvic tilt
Heel strike 4.25 11.18
Toe off 3.84 11.89
Pelvic rotation
Heel strike 2.96 4.35
Toe off 2.19 4.59
Pelvic obliquity
Heel strike 1.79 3.12
Toe off 1.87 3.74
Trunk tilt
Heel strike 2.03 4.09
Toe off 2.15 3.98
Trunk obliquity
Heel strike 1.03 2.21
Toe off 0.8 2.04
Trunk rotation
Heel strike 2.62 4.52
Toe off 1.52 5.09pelvic movements did not allow us to determine a minimum
number of trials to perform in order to reach sufﬁcient reliability. The
CoR improved as the number of gait trials increased, but most
needed a higher number of trials to reach good values (ﬁve trials),
except for knee angles in the sagittal and frontal plane, for which theoints. Comparison of 30 gait trial recordings on days 1 and 2 (mean difference, ICC).
Statistics
ICC 95% CI
OA side Healthy side OA side Healthy side
0.8 0.79 0.53/ 0.92 0.51/ 0.91
0.86 0.78 0.67/ 0.94 0.49/ 0.91
0.93 0.88 0.83/ 0.97 0.71/ 0.95
0.94 0.9 0.86/ 0.98 0.76/ 0.96
0.79 0.71 0.49/ 0.91 0.32/ 0.88
0.83 0.63 0.6/ 0.93 0.13/ 0.84
0.69 0.79 0.26/ 0.87 0.51/ 0.91
0.89 0.87 0.74/ 0.95 0.69/ 0.95
0.89 0.74 0.73/ 0.95 0.39/ 0.89
0.88 0.58 0.71/ 0.95 0/ 0.82
0.87 0.88 0.69/ 0.94 0.72/ 0.95
0.94 0.96 0.86/ 0.98 0.91/ 0.98
0.57 0/ 0.82
0.58 0/ 0.82
0.61 0.28/ 0.77
0.59 0.03/ 0.83
0.79 0.31/ 0.88
0.65 0.18/ 0.85
0.89 0.73/ 0.95
0.88 0.71/ 0.95
0.87 0.7/ 0.95
0.87 0.7/ 0.95
0.77 0.61/ 0.93
0.84 0.63/ 0.93
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Pelvic angles did not show a good CoR even after 30 recordings.
Accuracy of angle measurement
In most cases, the difference between the real angle and its
measurement by the 3D system was less than one degree. The
accuracy of measurement was 0.861.55% of the angles. The accu-
racy of measurement did not depend on the size of the measured
angles (r¼ 0.024; P¼ 0.926).
Discussion
The present study suggests that (1) testeretest using an expe-
rienced technician is good for most of the spatio-temporal vari-
ables, trunk and lower-limb angles, (2) only 5e10 trials are needed
to overcome intrinsic variability, i.e., the variation inwalking within
individuals, except for all pelvic angles, knee frontal angles and
double-stance duration, for which more trials are needed (3) the
accuracy of angle measurement by a 3D computerized movement
analysis system is good.
One limitation of this study is that pain might have inﬂuenced
the results obtained. Further studies are needed to evaluate this
point. Moreover, joint powers and moments would be useful to
understand the modiﬁcation of gait in these patients. Further
studies should evaluate the reliability of these measurements.
Another limitation is the small sample size and the skewed male to
female distribution. Thus, other studies in patients with hip OA are
needed to conﬁrm our ﬁndings before generalization.
Currently, functional impairment induced by hip OA is evaluated
using questionnaires, which have been shown to be valid and
reliable29,30, but provide a patient-based subjective assessment. It
would be of interest to combine such questionnaires with a more
objective evaluation, such as gait analysis. However, a recent
systematic analysis of the literature concluded that currently there
are not enough available data concerning validity and reliability to
consider kinematic variables as a valuable outcome measure in hip
OA, and that further studies evaluating a large number of patients
are needed16. In particular, reliability was evaluated in only one
study involving only 11 patients, in which the amplitude of the
variation observed was about 10% for gait speed and stride length,
and about 20% for hip angles in the sagittal plane (ICCs not repor-
ted)31. Thus, the present results are important in demonstrating
that the testeretest reliability of most of the kinematics variables is
good in hip OA patients.
The pelvic movements exhibited lower reliability, with an
ICC< 0.7. This is consistent with previous works14, which suggested
that this lower reliability might be due to a greater difﬁculty to
identify anatomical landmarks around the hip and the pelvis,
leading to errors in anthropometric measurements and the subse-
quent calculation of pelvic motion. Moreover, the lack of baseline
measurement for pelvis motion could lead to inaccurate measure-
ment, and thus decreases the reliability. The lower reliability of knee
movement analysis in the frontal planemight be partially explained
by the small ROM of the knee in the frontal plane compared to the
white noise of the data. In the present study, the reliability ofmarker
positioningwas not satisfactory for the thigh segment, butwas good
for the hip and the trunk segments. However, although the 95% CI
overlapped, the segments far from the pelvis and hip tended to have
a better reliability. New techniques based on functional calibration
are emerging32e34. They are, in principle, less dependent on the
accuracy of marker placement, thus might increase the reliability of
clinical gait analysis. Until these techniques are available, results on
pelvic movements and the knee frontal plane movement should be
interpreted with caution.Besides reliability, critical properties of clinical outcome evalua-
tions are precision and feasibility. The present study shows that the
accuracy of 3D gait analysis for measuring inter-segmental angles is
good, and it is not inﬂuenced by the size of the angles measured. The
present study does not evaluate concurrent validity, i.e., the rela-
tionship between gait analysis and symptoms. To our knowledge,
concurrent validity of gait analysis in hip OA has been evaluated in
only two studies, both of which included a small number of patients,
with conﬂicting results31,35. Further studies including a large number
of patients, need to be performed. The feasibility of 3D gait analysis
in hip OA patients remains problematic, in both clinical practice and
research. In particular, it requires an expensive 3D computerized
movement analysis system. Thus, in order to increase feasibility, it is
important to reduce the time needed to perform the evaluation, and
thus the cost. In healthy subjects, previous studies suggested that
ﬁve trials were necessary to obtain sufﬁcient reliability of gait
measurements14,36. However, no data were available regarding the
minimum number of gait trials needed to overcome intrinsic vari-
ability in hip OA patients. The present results in symptomatic hip OA
patients suggest that for most variables, 5e10 trials are sufﬁcient to
obtain a good testeretest reliability, rather than 30 or more, thus
improving the feasibility of the procedure.
In conclusion, this study provides preliminary evidence for the
feasibility, accuracy and testeretest reliability of 3D gait analysis in
hip OA. Further conﬁrmative studies are necessary before gait
analysis can be proposed as a potential outcome measurement to
quantify functional disability in patients with OA of the lower-
limbs.
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